Abstract-Ferromagnetic cores of electrical machines and transformers are constructed from laminated electrical sheets to reduce eddy current losses. Burrs are formed at the edges of electrical sheets during punching and cutting. These burrs deteriorate the insulation of adjacent sheets, make interlaminar contacts and cause interlaminar currents to flow across the stack. It is essential to know the interlaminar conductivity and the size of the contacts to estimate additional losses in the electrical machine. In this paper, the size of the interlaminar contacts formed by the burrs is estimated using a novel thermographic measurement method and an analytical method. The initial temperature rise of the contacts is used in the analytical model to estimate the contact size. The electromagnetic and thermal finite element formulations validate the results obtained from the analytical method. Moreover, the results obtained from the measurement, the analytical method, and the finite element method are compared. The study shows that the initial temperature rise method can be used to estimate the interlaminar contact size and electromagnetic losses if the temperature is measured immediately after energizing the sheets.
absence of sufficient cooling, it might lead to more damage to the electrical machine [5] , [6] . Therefore, it is essential to study the additional losses caused by these contacts in the electrical machine. Shah et al. [7] , [8] have developed a surface boundary layer model to model interlaminar contacts in electrical machines. However, the size of the burr and the conductivity of the contacts are stochastic and important parameters for the model. In this paper, the loss density due to the galvanic contacts and the burr size is estimated using a novel thermographic method.
It is well known that if a step function of heat generation is applied to a medium under steady-state conditions, the instantaneous initial rate of rising of temperature at any point is directly proportional to the heat generated at the point [9] . Based on this principle, the thermal method has been exploited to obtain the core loss of electrical machines [10] , [11] . It has been shown in [9] that sufficient accuracy can be obtained if measurements are made over a short period. In [9] , this requirement was obtained using a chopper-type dc amplifier and recorder to measure the EMF generated in thermocouples. The accuracy of such measurement also depends on the type of thermocouples. Thermocouples should be thinner than the material, should not absorb the heat from the material, and should be in good thermal contact to ensure fast response. In [12] , an improved thermocouple made from enameled copper and constantan wires was proposed. These thermocouples were fast in response and could measure localized loss to a region of about 10 mm in diameter, and the repeatability of the measurement was within 5% [13] .
Thermographic imaging techniques are widely used in various applications [14] [15] [16] . Nowadays, recently developed high-end thermal infrared (IR) cameras have a spatial resolution of less than 1 mm and have a time constant of less than 12 ms. Due to better spatial resolution and fast response time, thermal cameras are a better option than thermocouples. Based on the initial temperature rise method, these cameras are used in the localized measurement of iron loss in [17] [18] [19] . However, the estimation of the burr size with the thermography method has not been studied so far.
In this paper, the size of the interlaminar contacts formed by the burrs is studied using the thermographic measurement, the analytical method, and the electromagnetic and thermal finite element formulations. First, a short-circuit measurement 0018-9456 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. is performed to obtain the short-circuit current and an electric potential between the sheets. The initial temperature rise of the hotspot formed by the interlaminar contact is also measured using a thermal camera and used in analytical calculation to estimate the size. Later, the estimated size is studied in the electromagnetic and the thermal finite element method (FEM) using the measured electric potential in detail and obtained results from the simulations and measurements are compared. The temperature gradient predicted by the electromagneticthermal finite element simulations gave a good agreement to the measurement at higher supplied current.
II. MEASUREMENT

A. Measurement Setup
The 0.5 mm nonoriented electrical sheet as shown in Fig.1 is used for the experimental study.
The material grade of the sheet is M270-50A and it is semiprocessed. The insulation of upper surfaces of the sheets are removed to supply the power. However, the surfaces between the sheets are insulated. The image is taken using the magnifying camera IMPERX GEV-B1922C-SC000 along with a calibration scale. 1 pixel is equivalent to 0.01 mm. Two electrical sheets are placed in such a way that only one edge is not insulated. A thin insulation layer of 0.1 mm is placed between the sheets to ensure the galvanic contacts to be present at only one edge. The sheets are then energized with dc supply, and the initial temperature rise is recorded using the thermal camera. The measurement setup is designed to perform the short circuit and thermal test of the electrical sheet. It consists of a rotating measuring unit and a force sensor to measure the applied force. The rotational feature of the measuring unit allows capturing thermal image from all sides of the electrical sheets. The repeatability of the measurement is ensured by measuring the voltage and current at the same applied force and taking the average of three measured values. The applied force is 4237 N. Each measurement is repeated for three times, and the average value is considered. The voltage measuring block consists of needle probes attached to a spring both at the bottom and the top of the sample. The sheets are then energized with dc supply using two copper plates and placing electrical sheets in between them. There are three needle probes each of diameter 0.1 mm. One of the probes is used to supply the voltage which is connected to cooper plates and other two probes measure the electric potential over the galvanic contacts. DWE-50-PCI32 data acquisition system is used to acquire the voltage and current at the rate of 100 kHz. A switch is connected in series with the power supply and is synchronized with the thermal IR camera recording. The short-circuit measurement setup is shown in Fig. 2 .
B. Short-Circuit Measurement
The short-circuit current and voltage are measured immediately after closing the switch. The short-circuit currents measured are given by i s1 , i s2 , i s3 , and i s4 . It is important to remember, here, that the resistance of the hotspot or burr is stochastic. Due to the significant burrs at the edge of the sheets which are visible in Fig. 1 , there is a constant galvanic contact along one side of the edge of the sheets. However, the width of the burr inward from the edge of the electrical sheets is an unknown quantity. The width of the burr is estimated from the thermal measurement and the analytical calculation. The estimated burr width is studied in detail with an electromagnetic finite element formulation.
C. Thermal Measurement
The thermal measurement was done using FLIR T640 thermal camera. The specification of the thermal camera is given in Table I .
The temperature distribution obtained from the thermal camera is shown in Fig. 3 .
III. COMPUTATION METHOD
A. Analytical Method
Two electrical sheets as shown in Fig. 4 are considered, where l and h are the length and burr width of the studied electrical sheets, respectively. w is the total thickness of the stack of two sheets and the insulating layer between them. Based on the initial temperature rise method, if the temperature is measured immediately after energizing the sheets, the loss density in (W/m 3 ) can be written as
where V and I are the measured voltage over the contact and the short-circuit current, respectively. ρ, C p , T , and t are the density, specific heat capacity of the material, temperature, and time, respectively. (∂ T /∂t) m is the average temperature rise obtained from the measurement at a point of the conducting edge. The measured temperature rise is shown in Fig. 5 . Then, the average of temperature gradient of temperature is taken between turn ON and turn OFF time. From the measured values of voltage, the short-circuit current, and an average temperature rise, an expression can be obtained as Similarly, the loss density of the contact can also be written as
where J = (I /lh) is the current density. The expression of product of conductivity and burr width can be obtained by substituting (2) in (4). (∂ T /∂t) m is measured at four shortcircuit current levels. The average product of conductivity and burr width can be estimated by taking the average of measured values at different current levels as given by
where n is the number of measurements and σ h is the average of product of conductivity and burr width. The resistivity temperature coefficient of the considered NO electrical sheet is 0.006/K. The maximum temperature difference is 18 K as can be seen in Fig. 5 . In burr width calculation (5), the temperature rise was taken into consideration.
B. Electromagnetic and Thermal Finite Element Formulation
The potential distribution around the contact between the two sheets is modeled by a 2-D FEM formulation. Due to symmetry, only one of the two sheets is considered as shown in Fig. 6 . The differential form of Faraday's law in the absence of time varying magnetic field flux density is given by
where E is the electric field and can be written in terms of electric potential V as E = −∇V.
When a dc voltage is connected to the sheets, a steady current flows through the sheets and the interlaminar contacts. The continuity equation is given by
The current density is given by
where σ is the conductivity of the sheets. Using (8) and (9), the following equation is obtained:
The boundary of the sheet is divided into five parts as shown in Fig. 6 on which the following boundary conditions are assumed:
where t ON and t OFF are the time instants when power is turned ON and OFF, respectively. V ON and V OFF are potentials measured at those instants. Equation (10) is then solved using the FEM with 5356 second-order triangular elements. The solution of V is shown in Fig. 9 . The resistive loss density in (W/m 3 ) is computed from
In [17] , the initial temperature rise method is used in calculating iron loss based on the constant ambient temperature assumptions. In [19] , temperature was measured inside the vacuum chamber. The constant ambient temperature means that there is no heat diffusion, i.e., ∇T = 0. In this paper, the heat equation and the electromagnetic formulation are solved together. First, the resistive loss is calculated from the electromagnetic formulation and coupled to the heat equation as the heat source. The heat equation is given by
where ρ, C p , k, p Fe , and q are the density, the specific heat capacity, the thermal conductivity, the heat source, and the heat flux, respectively. The heat transmitting to the surroundings is given by
where T ext is the sorrounding temperature and h ext is the convective heat constant. This additional conditions was applied to the boundaries of the geometry. The parameters for thermal simulations for the M270-50A electrical steel are listed in Table II .
IV. RESULTS AND DISCUSSION
The electromagnetic and thermal finite element formulations were implemented using the estimated burr width. The average σ h was obtained as 27.3 S from the analytical equation (5) . These interlaminar contacts are random. However, based on the assumptions of the constant galvanic contacts along the z-direction as shown in Figs. 1 and 4 , the estimated burr width from the analytical calculation was 0.0135 mm using the conductivity from Table II and taking temperature rise into account.
The short-circuit currents obtained from measurement and simulations are listed in Table III . The voltage and short-circuit current waveform is shown in Fig. 7 . The average value of voltage and short-circuit current between turn ON and turn OFF time are considered. In Table IV , the temperature gradient measured with the thermal camera and the temperature gradient obtained from FEM are tabulated. At low current i s1 , the temperature rise is less than 2 K, so this results in large differences. The losses at current i s2 , is about five times compared to losses at i s1 . The temperature rise at i s2 is also about three times compared to i s1 . Hence, this results in small differences between measured and simulated results. Moreover, at higher currents, the agreement in Table IV is very good. Hence, the short-circuit current (i s4 ) and the electric potential related to this measurement was used for further FEM simulations. The loss density calculated with the electromagnetic and thermal FEM at current level of i s4 is shown in Fig. 8 . Thermal loss density at the hotspot is calculated using the formula ρC p (∂ T /∂t) s . (∂ T /∂t) s is the average of temperature gradient obtained between turn ON and turn OFF time using the thermal finite element simulations. It can be seen from Fig. 8 that the average loss density from the thermal calculation is equivalent to the electromagnetic calculation only for few seconds after energizing the sheets. Hence, to estimate the loss density from the thermal measurement, it is essential to measure the initial temperature rise immediately after the sheets are energized.
In this paper, with the use of thermal camera, it was possible to record the temperature rise of the contacts for 30 s with the time resolution of 30 ms. The electric potential and the current density distributions calculated from the solution of the electromagnetic finite element model are shown in Figs. 9 and 10 , respectively. The temperature distribution obtained by solving the heat equation and the discretized mesh is shown in Fig. 11 . The temperature profile of contacts from measurement and simulation considering the estimated burr width is shown in Fig. 12 . It can be seen that the temperature profile behaves similarly after energizing the sheet but after turning OFF the power, there is a significant difference in the temperature behavior which is mainly because of the atmospheric condition and convective constant. However, in this paper, we are mainly interested in the initial rise of the temperature which shows the similar trend after switching ON the power. The rate of temperature rise was calculated taking the average between turn ON and turn OFF time as shown in Fig. 12 . The proposed simulation and measurement system is applicable even with a stack provided the size of stack is within the scope of the thermal camera lens. Probably in a stack, the contacts are not uniform, and multiple hot spots are present. Therefore, multiple measurement points are needed to measure the initial rate of temperature.
V. CONCLUSION
Burrs are formed at the edges of electrical sheets during punching and cutting. In this paper, the burr width size is estimated using a novel thermographic method. This paper studies and validates the initial temperature rise method to calculate the electromagnetic losses. At supply currents higher than 4 A, the temperature gradient predicted by the electromagneticthermal finite element simulations gave a good correspondence to that measured by averaging over the turn ON and turn OFF time. The smaller the time constant of the measurement device, the better will be the accuracy. This method was implemented, and the burr width size of the electrical sheet was estimated. Even though h is small, it represents the conducting width of the conducting layer in insulated electrical sheets and creates hot spots increasing the temperature of the machine. Shah et al. [7] have developed a surface boundary layer model to account for interlaminar contacts that occur between the electrical sheets in electrical machines. The surface boundary layer formulation is based on the magnetic vector potential formulation and FEM. It adds the contribution of product of conductivity and the burr width at the edges of stator of electrical machines. However, these interlaminar contacts are random in nature and for the estimation of additional losses in electrical machines the quantification of σ h is essential. The method developed in this paper along with the previous methods allows us to calculate the maximum temperature rise of the electrical machines during interlaminar short circuit. 
